The bolting time of varieties used as leafy vegetables or turnips within the Brassica rapa (syn. campestris) species is important, because it affects the yield and quality of the harvested products. In Brassica rapa, the transition from the vegetative to reproductive phase is influenced by environmental factors, such as daylength and low temperature. In order to analyze the genetic basis of bolting time, an AFLP linkage map was constructed using doubled haploid (DH) lines derived from the F 1 hybrid between A9408 and Homei P09. QTL analysis of bolting time was performed based on the evaluation under two field conditions and three artificial conditions differing in day-length and/or temperature. Out of a total of ten QTLs detected, two QTLs showed a low temperature sensitivity. The most effective QTL, BT1, was found to be the main locus controlling the vernalization response and the allele of Homei P09 was highly responsive to low temperature compared with that of the late parent A9408. These results could be useful for marker-assisted selection and isolation of the genes responsible for bolting time in Brassica rapa.
Introduction
The time of bolting or flowering is critical for plants themselves to reproduce successfully, and is also important for their use as crops. Plants in the Brassica genus including oilseed crops and many types of vegetables are cultivated worldwide. Especially, in East Asia, many varieties of the Brassica rapa (syn. campestris) species are used as leafy vegetables and turnips. Their bolting time is agronomically important because it affects the yield and quality of the harvested products. For vegetables, bolting time is more significant than flowering time and it reveals accurately the transition from the vegetative to reproductive phase. Therefore, although bolting time was evaluated in the present study, flowering time was more frequently used for QTLmapping because of the simplicity of the measurement. QTLmapping for flowering time in B. rapa was reported in several populations (Teutonico and Osborn 1995 , Osborn et al. 1997 , Axelsson et al. 2001 . These studies showed that QTL-mapping is a useful method for analyzing such traits.
Bolting time in B. rapa is influenced by environmental conditions such as day-length and temperature, like in the model plant Arabidopsis thaliana. The photoperiod pathway and the vernalization promotion pathway mediate signals from the environment (Koornneef et al. 1998 , Simpson et al. 1999 . Alonso-Blanco et al. (1998a) performed a QTL analysis of flowering time using recombinant inbred lines (RILs) derived from two Arabidopsis ecotypes under three conditions, long day, short day and long day with vernalization. Although both parents were early flowering, RILs showed a larger variation in flowering time, and the environmental factors, namely photoperiod or low temperature affecting the detected QTLs were identified. Comparison of the QTL effects between vernalized and unvernalized F 3 populations, enabled Teutonico and Osborn (1995) to locate the flowering time loci affected by vernalization in B. rapa. Thus, the detection of QTLs under different environmental conditions is an effective method to identify the function of each candidate locus.
In addition to the complexity of the environmental effect on bolting time, Brassica genome replication must be mentioned. Diploid Brassica species are considered to be derived from a common hexaploid ancestor (Lagercrantz and Lydiate 1996, Lagercrantz 1998) . Axelsson et al. (2001) showed that the top region of the Arabidopsis chromosome V harboring several genes that control flowering time is conserved as three homologous copies in each of the diploid species B. rapa, B. oleracea and B. nigra and six copies in the amphidiploid species B. juncea. Indeed, Tadege et al. (2001) isolated five FLOWERING LOCUS C (FLC)-related sequences from B. napus, and Schranz et al. (2002) cloned four B. rapa FLC homologues. FLC, located at the top of Arabidopsis chromosome V, encodes a MADS domain and is a dosage-dependent repressor of flowering Amasino 1999, Sheldon et al. 1999) . Each of the five FLC copies from B. napus delayed the flowering time significantly in Arabidopsis (Tadege et al. 2001 ) and three of four FLC homologues from B. rapa cosegregated with the flowering time loci (Schranz et al. 2002) . These facts indicate that multiple functional loci are involved in the variation of the flowering time in Brassica species. Therefore, it is important to map as many QTLs as possible and analyze their function at the same time.
In the present study, we constructed a Brassica rapa linkage map by using a doubled haploid (DH) population and identified environment-specific QTLs for bolting time under five conditions differing in day-length and/or temperature.
Materials and Methods

Plant materials
The Brassica rapa (syn. campestris, 2n = 20) population consisting of 200 DH lines, was produced through microspore culture from A9408 × Homei P09 F 1 hybrids (Fujimori et al. 1998) . The female parent A9408 developed at the National Institute of Vegetable and Tea Science was a late-bolting DH line and the male parent Homei P09 was also a DH line from the Chinese cabbage tropical variety, Homei.
Bolting time evaluation
Bolting time measurement was carried out in two different seasons in the field (Autumn and Summer trials) and under three artificial conditions (Long Day, Vernalization + Long Day, Vernalization + Short Day). In October, 1999, 15 seeds from each DH line, parental lines and F 1 hybrids were sown in the field at the National Institute of Agrobiological Sciences (Autumn trial), and in July, 2000, five seeds were sown in the field at Chiba University (Summer trial). Three sets each consisting of one plant from each DH line, parental lines and F 1 hybrids were grown at 25°C under a 12 h light regime for a period of 3 weeks. Then, two sets were transferred to a cold chamber at 4°C under a 12 h light regime for 8 weeks and the other set was transferred to an airconditioned green house at 20°C under a 18 h light regime (LD condition). After cold treatment, one set was transferred to a green house at 20°C under a 18 h light regime (Vrn + LD condition) and the other set was transferred to a green house at 20°C under a 12 h light regime (Vrn + SD condition) ( Table 1) . Bolting time for measurements was defined as the number of days between sowing and bolting. In the field, lines were considered to have bolted when visible flower buds emerged in 50% of the plants in each line.
AFLP analysis
Total DNA was extracted from young frozen leaves by the CTAB method with slight modifications (Murray and Thompson 1980) . AFLP protocol was adopted essentially as described by Vos et al. (1995) with minor modifications according to the mehod of Hayashi et al. (2000) .
Linkage analysis
All the markers were tested for the expected 1 : 1 segregation ratio by the χ 2 test at the P = 0.05 level using the computer software MAPL (Ukai et al. 1995) . Linkage analysis was performed with MAPMAKER ver. 2.0 for Macintosh (Lander et al. 1987 ) at a minimum given log of likelihood (LOD)-value of 3.0, as the threshold, to assign AFLP loci to linkage groups. Ordering of the markers was determined using metric multi-dimensional scaling (MDS) in MAPL.
QTL analysis
Genotype and phenotype data for each DH line were used in composite interval mapping using Cartographer ver. 2.0 (Basten et al. 2001) . A LOD threshold of 2.0 was used to identify putative QTLs.
Results and Discussion
Phenotypic variation
The bolting phenotypes of the parental lines, F 1 hybrids and DH population were evaluated under five different environmental conditions (Fig. 1) . Although the seeds of the 200 DH lines were sown under each condition, the number of lines in which the bolting time could be measured were 198, 182, 166, 112 and 178 for the Autumn trial, Summer trial, LD condition, Vrn + LD condition and Vrn + SD condition, respectively, due to the exclusion of the plants that did not germinate and the significantly delayed growth. The observed differences in the bolting time between the two parental lines were large for all the conditions, except for the Vrn + SD condition where the later parental line, A9408, had not bolted over 200 days (Fig. 1E) , indicating that A9408 required more than 12 h day-length for bolting.
Bolting time of the DH population showed a continuous distribution and transgressive segregation was observed (Fig. 1 ). This transgressive variation was remarkable for the LD condition in the early direction, indicating that each parental line harbors genes both for the increase and decrease of the bolting time by responding to day-length (Fig. 1C) .
Bolting-time distribution under the two field conditions, Summer and Autumn trials, showed a different pattern (Fig. 1A and Fig. 1B) . The pattern in the Autumn trial was rather similar to the Vrn + LD and Vrn + SD patterns, presumably due to the timing of vernalization. Plants were influenced by low temperature immediately for the Autumn trial, while for the Summer trial, long-day condition affected the bolting time before vernalization. For both Vrn + LD and Vrn + SD conditions, the bolting time of the DH lines was obviously separated into two major classes (Fig. 1D and Fig. 1E ). Since this earlier peak, which also appeared in the Autumn trial (Fig. 1A) , was different from that in the Summer trial and since the plants were exposed to low temperature at the early stage for the Autumn trial as well as Vrn + LD and Vrn + SD conditions, low temperature may account for this phenomenon. However, in many experiments, it was reported that a wide flowering range was observed in nonvernalized plants and a narrowing of the flowering range occurred when plants were vernalized (Osborn et al. 1997 , Alonso-Blanco et al. 1998a , Kole et al. 2001 , presumably due to the vernalization sensitivity of late-flowering plants. In contrast, the opposite results showing that vernalized plants exhibited a wide bolting range, as observed in the present study (Fig. 1) , indicated that the late-bolting parent, A9408, may differ from other late-flowering or biennial plants in the vernalization response.
Construction of linkage map
In the AFLP analysis, twelve EcoRI primers and eight MseI primers were used. A total of 96 primer combinations were tested against the parents, resulting in 313 polymorphic bands with an average of 3.26 bands per primer pair. However, 65 polymorphic bands did not segregate in the DH population, presumably due to somaclonal mutation during microspore culture or misamplification of PCR product.
Out of a total of 248 markers analyzed, 208 markers were assigned to ten major linkage groups and 17 markers to three minor linkage groups (Fig. 2) . The remainder consisted of 5 unlinked markers and 13 eliminated markers that located too far from the nearest markers. The length of the ten major linkage groups ranged from 54.2 cM to 178.1 cM and the length of three relatively small linkage groups was less than 23.0 cM. The total length of the map was 1096.6 cM and the average distance between ordered adjacent markers was 4.5 cM. The maximum distance between markers was 35.3 cM. Since the haploid chromosome number is ten in B. rapa, it was assumed that the three minor linkage groups represented different sections of the ten major linkage groups. The six markers were located at 1 cM distance at the bottom of LG2. Such a strong clustering is often observed in association with a telomeric or a centromeric region (Alonso-Blanco et al. 1998b , Qi et al. 1998 . The AFLP technique was found to be a convenient and reliable method for simultaneous examination of a large number of loci, which facilitates considerably the construction of linkage maps (Becker et al. 1995 , Qi et al. 1998 , Waugh et al. 1997 . In the present study, these advantages of the AFLP technique enabled us to construct a frame map for QTL analysis efficiently. Although comparison of different QTL-mapping studies is impossible by using AFLP markers, utilization of common landmarks such as SSR, RFLP and EST markers may enable to solve that problem.
Marker segregation
Of all the markers examined, 73.3% deviated from the expected 1 : 1 segregation ratio at the P = 0.05 significance level. These markers were concentrated on specific linkage groups (Fig. 2) . All the markers located in the central part of LG1, at the bottom of LG2 and LG4 were biased to the A9408 genotype and all the markers located on LG5, at the bottom of LG8, LG10 and LG12 were biased to the Homei P09 genotype (Fig. 2) . It was reported that the markers amplified from the near centromeric regions of chromosomes tended to display distorted segregation ratios (Faris et al. 1998) . Regeneration ability in microspore culture might also be associated with distorted segregation in other regions (Thompson et al. 1991) . Indeed, Homei, which belongs to the tropical type, displayed a high embryogenesis and regenerative ability that depended on the genotype (Kuginuki et al. 1997) .
QTL analysis for bolting time
Under all the five conditions, a total of ten QTLs could be located along the six linkage groups (Fig. 2 and Table 2 ). These QTLs were designated as Bolting Time (BT) 1-10 in the order of magnitude of the effects. BT1 on LG2, which was detected under all the conditions, showed a large effect except for the LD condition ( Fig. 3 and Table 2 ). The variance explained by BT1 for the LD condition (18.0%) was considerably lower than that for the other conditions (48.5-69.9%). Especially, the difference in the BT1 effect between LD (18%) and Vrn + LD (69.9%) was most significant (Table 2) , because a comparison of the LD and Vrn + LD conditions provided an estimate of the vernalization response. In addition, for the Autumn trial, Vrn + LD and Vrn + SD conditions, the frequency distribution of bolting time was divided into nearly two parts for the genotypes at the A03d marker (Fig. 1A, Fig. 1D and Fig. 1E) , which is the nearest marker of BT1 (Fig. 3) . These results showed that exposure to low temperature at the early stage of plant development tended to enhance the effect of BT1 (Fig. 1A, Fig. 1D and Fig. 1E ), indicating that BT1 is the main locus controlling the differences in the vernalization response. In other words, the BT1-Homei P09 allele led to a markedly reduced bolting time by vernalization and may have also been associated with the first peak of frequency distribution for the Autumn trial as well as Vrn + LD and Vrn + SD conditions (Fig. 1A, Fig. 1D and Fig. 1E ). It has been reported that the effect of the QTL controlling the vernalization response had disappeared or had been reduced under low temperature conditions (Teutonico and Osborn 1995 , Osborn et al. 1997 , Alonso-Blanco et al. 1998a . Generally, late-flowering plants or biennial plants respond to low temperature and then the flowering time is reduced. In the present study, it is interesting to note that the early bolting parent, Homei P09, responded to vernalization but did not necessarily require a low temperature for bolting and that the response of the late-bolting parent, A9408, to low temperature was not prominent.
In Brassica species, only Ajisaka et al. (2001) reported that a biennial plant of B. rapa, DH27, did not display a low temperature sensitivity. Since DH27 was related to A9408, the plants might harbor the same allele. This latebolting character may enable to breed cultivars of Chinese cabbage (B. rapa) suitable for spring harvest like cabbage (B. oleracea) (Yui et al. 2003) . As a long period of time is usually required to select the late-bolting character, if the present marker, A03d, could be converted to STS marker, it might will be useful for marker-assisted selection (MAS) for late-bolting cultivars in breeding programs of Brassica rapa.
The second effective QTL, BT2, could not be detected for the Vrn + LD and the Vrn + SD conditions ( Fig. 2 and Table 2 ) and the BT2-A9408 allele reduced the bolting time (Table 2 ). This response pattern was consistent with the generally low temperature sensitivity that was mentioned above. Therefore, it is assumed that BT2 may be involved in the vernalization response.
There is no definite information about the environmental factors that affected BT3 and BT4, because these QTLs were detected randomly under different conditions. As the effects of BT5-10 were negligible (Table 2) , it is also difficult to identify the environmental factors that affected them. Although transgressive segregation was observed for the LD condition (Fig. 1C) , QTLs with a negative effect were not detected, except for BT2, for the LD condition (Table 2) , suggesting the presence of several QTLs in regions outside this linkage map.
The objectives of future studies are the conversion of AFLP markers that are tightly linked to the bolting time locus into STS markers and mapping of SSRs which were isolated from the B. rapa genome (Tamura et al. 2005) . Integration of SSR markers into the present linkage map could be useful for MAS for bolting time in breeding programs of Brassica plants. Furthermore, since Brassica species are closely related to the model plant Arabidopsis, in which the flowering-time pathways have been extensively studied, the flowering-time genes from Arabidopsis could be used as RFLP probes for mapping the loci in Brassica species (Teutonico and Osborn 1994 , Kole et al. 2001 , Axelsson et al. 2001 . Because many of the genes related to flowering time have been identified and classified into a few functional pathways, including the photoperiod and vernalization promotion pathways in Arabidopsis (Koornneef et al. 1998 , Simpson et al. 1999 , the understanding of how the effects of QTL alleles were altered by environmental factors will provide clues for the identification of the candidate genes responsible for bolting time in B. rapa.
